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Abstract Malignant gliomas rely on the production of

certain critical growth factors including VEGF, interleukin

(IL)-6 and IL-8, to fuel rapid tumor growth, angiogenesis,

and treatment resistance. Post-transcriptional regulation

through adenine and uridine-rich elements of the 30

untranslated region is one mechanism for upregulating

these and other growth factors. In glioma cells, we have

shown that the post-transcriptional machinery is optimized

for growth factor upregulation secondary to overexpression

of the mRNA stabilizer, HuR. The negative regulator,

tristetraprolin (TTP), on the other hand, may be suppressed

because of extensive phosphorylation. Here we test that

possibility by analyzing the phenotypic effects of a mutated

form of TTP (mt-TTP) in which 8 phosphoserine residues

were converted to alanines. We observed a significantly

enhanced negative effect on growth factor expression in

glioma cells at the post-transcriptional and transcriptional

levels. The protein became stabilized and displayed sig-

nificantly increased antiproliferative effects compared to

wild-type TTP. Macroautophagy was induced with both

forms of TTP, but inhibition of autophagy did not affect

cell viability. We conclude that glioma cells suppress TTP

function through phosphorylation of critical serine residues

which in turn contributes to growth factor upregulation and

tumor progression.
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Introduction

Tristetraprolin (TTP), a Cys–Cys–Cys–His (CCCH) tan-

dem zinc finger protein, negatively regulates many cyto-

kine and growth factor mRNAs linked to glioma

progression, including vascular endothelial growth factor

(VEGF), tumor necrosis factor (TNF)-a, interleukin (IL) -

8, and IL-6 [1–10]. These cytokines promote angiogenesis,

proliferation, glioma stem cell phenotype, and chemore-

sistance. TTP binds to AU-rich elements (ARE) in the 30

untranslated regions (UTR) of these cytokine mRNAs with

a high affinity for the nonamer, UUAUUUAUU, and

destabilizes the transcript by recruiting factors that initiate

deadenylation and exonuclease activity [1, 2]. The impor-

tance of ARE-mediated gene regulation in glioma biology

was recently highlighted when knockdown of the ARE-

binding protein, HuR, a positive regulator of RNA stability

and translation, produced significant attenuation of tumor

growth in vivo [11]. Ectopic TTP expression in glioma

cells leads to a similar phenotype, with downregulation of

VEGF and IL-8 [12]. TTP is extensively regulated post-

translationally, mainly through phosphorylation of numer-

ous serine residues [13, 14]. Phosphorylation has been

linked to suppressed function possibly by reducing TTP

binding to target mRNAs or sequestration by 14-3-3 pro-

teins [1, 15–18]. We previously showed that TTP is heavily

phosphorylated in glioblastoma multiforme tumors and

postulated that this modification keeps TTP in check. In the

current report, we further investigated this hypothesis by

mutating select phosphoserines from TTP and testing the

molecular and cellular impact in glioma cells.

Materials and methods

DNA constructs, cell culture, transfection,

and transgene expression

A FLAG-tagged mutant form of TTP (mt-TTP) (S88A,

S90A, S93A, S197A, S214A, S218A, S228A, and S296A)

[14] was stably transfected into U251MG Tet On cells as

previously described for wild type TTP [12]. Other mutants

were produced by a kit (Stratagene): M2 (S88A, S90A, S93A)

or M1 (S88A, S90A, S93A, S214A, 218A). For transfection,

DNA doses were: 100 ng (mt-TTP and M1), 200 ng (M2) and

350 ng (wt-TTP). Myc-hnRNP C was used as a control [19].

The pGL2-IL-8 30 UTR reporter was described previously

[20] and the 30 UTR control consisted of a non-ARE region in

the TNF-a 30 UTR (nucleotides 1450–1565; GenBank

M10988). The full length IL-8 promoter (-1480 to ?104)

was a gift from Dr. Hector Wong (Cincinnati Children’s

Medical Center). The pSV-b-galactosidase was purchased

(Promega). U251 malignant glioma (MG) and U251 Tet-On

MG cells were grown as previously described [21]. Unless

otherwise specified, cells were induced with doxycycline

(0.25–0.5 lg/mL) for 6 h followed by stimulation with

TNF-a (10 ng/mL) or diluent as indicated.

RNA quantification, decay kinetics and RNA

immunoprecipitation

RNA levels were assessed by qRT-PCR (Applied Biosys-

tems). For RNA kinetics, cells were treated with actino-

mycin D (0–4 h) and RNA degradation plots were

generated as previously described [12]. RNA immunopre-

cipitation were performed on cytosolic extracts (250 lg) as

described elsewhere [22]. One aliquot was used to quan-

titate ectopic TTP expression by Western blot.

ELISA, Western analysis, and immunocytochemistry

ELISAs were performed as described previously [12]. For

Western analysis, 25–50 lg of extracts were immunoblot-

ted. For LC3, whole cell lysates were sonicated prior to

extract separation. Chloroquine (50 lM) was added to

some wells as a control. Cells were fixed in 4 % parafor-

maldehyde. LC3 immunostaining was detected using

Tyramide Signal Amplification system (Perkin Elmer). The

following antibodies were used: Atg7 (Cell Signaling/

Millipore, 1:1,000, cat. #2631S); FLAG (M2) (Sigma-

Aldrich, 1:2000, cat. #F3165); LC3-I/II (Western blot,

Abgent, 1:400, cat. #AP1802a; immunocytochemistry, Cell

Signaling/Millipore, 1:500, cat. #2775); a-Tubulin (Sigma-

Aldrich, 1:2000, cat. #T9026); HuR 3A2 (Santa Cruz,

1.2 lg/mL, cat. #SC-5261); mouse IgG (Santa Cruz,

1.2 lg/mL, cat. #sc-2025); PARP (Cell Signaling/Milli-

pore, 1:500, cat. #9542); cleaved PARP (Cell Signaling/

Millipore, 1:500, cat. #9541S); lamin (Santa Cruz, 1:400,

cat. #sc-6215); caspase-3 (Cell Signaling/Millipore, 1:500,

cat. #9662) and caspase-8 (Cell Signaling/Millipore,

1:1000; cat. #9496S).

Cell viability, soft agar, chemosensitivity assays

Cell viability was assessed by Trypan Blue Exclusion [12].

Colony formation in soft agar was assessed as previously

described [11]. For chemosensitivity, cells were induced

with doxycycline (0.25 lg/mL) and treated with temozol-

omide (Sigma) for 24 h. Cells were stimulated with TNF-a
(5 ng/mL) or vehicle (PBS). Cell viability was assessed by

the Calcein AM assay (Invitrogen).

Protein stability and luciferase assays

For protein stability, TTP clones were treated with

cycloheximide (10 lg/mL). Some cells were treated with
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p38 MAP kinase inhibitor, SB202190 (5 lM), and

ERK1/2 inhibitor, U0126 (10 lM) or vehicle (DMSO).

For the 30 UTR luciferase reporter assay, pGL2-IL-8 30

UTR was cotransfected with TTP plasmids and pSV-b-

galactosidase. Luciferase and b-galactosidase measure-

ments were performed as previously described [22]. For

translational efficiency, cells were co-transfected with

plasmids as described above, and mRNA levels were

measured by qRT-PCR. A translation efficiency value

was calculated based on published methods and nor-

malized to Tet On control cells [23]. For IL-8 promoter

assays, U251MG cells were cotransfected with pGL2-IL-

8 promoter, pSV-b-galactosidase, and TTP plasmids.

Some cells were stimulated with TNF-a (10 ng/mL).

Luciferase activity was normalized to b-galactosidase

activity.

Analysis of autophagy and apoptosis

TTP clones were induced with doxycycline (0.25 lg/mL) and

some cells were stimulated with TNF-a (2 ng/mL) for 12 h.

LC3-II, caspase-3, caspase-8 and cleaved PARP expression

were assessed by Western blot. Some cells were pre-incubated

for 6 h with wortmannin (WM), 3-methyladenine (3-MA), or

DMSO prior to induction. For silencing experiments, cells

were transfected with Atg7 siRNA (Dharmacon) or a scram-

bled control by electroporation. After 24 h, doxycycline and

TNF-a were added as above. Cell viability/proliferation was

assessed by the Vialight assay (Lonza).

Statistics

All statistics were determined using a Student’s t test.

Fig. 1 Mutant TTP produces significantly greater suppression of

growth factors in malignant glioma cells. a Diagram of wild-type TTP

(wt-TTP) highlighting the serine residues which were converted to

alanines to make mutant TTP (mt-TTP). Filled circle denotes

confirmed phosphorylation sites in vivo [14]; Asterisk denotes

putative p38 phosphorylation sites not sensitive to MK2 expression

[24]. b Western blot of extracts from Tet-On U251 malignant glioma

clones expressing either FLAG-wt-TTP or FLAG-mt-TTP. Cells were

induced with doxycycline (Dox) and the blot was probed with an anti-

FLAG antibody. c mt-TTP and wt-TTP glioma clones were assessed

for IL-8, VEGF and IL-6 expression after induction with doxycycline

(0.25 lg/ml) and TNF-a stimulation. Upper row qRT-PCR analysis

of IL-8, VEGF and IL-6 mRNA in TTP clones or the parent glioma

cell line (Tet-On). Data were normalized to house-keeping gene, S9

and results are expressed as a percent of control (no doxycycline).

Lower row ELISA analysis of protein concentrations for these targets

in the growth media. ELISA values were adjusted to total protein

content in the culture dish. Data for RNA and protein analysis were

derived from at least 4 independent experiments. *P \ 0.05;

**P \ 0.005; ***P \ 0.0005; ****P \ 0.0001 comparing to control

unless otherwise indicated
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Results

Mutant TTP potently suppresses IL-8, VEGF and IL-6

expression in malignant glioma cells

TTP is extensively phosphorylated in malignant glioma

[12], and we hypothesized that this modification suppresses

TTP function in glioma cells. We examined a mutant form

of TTP (mt-TTP) in which eight serine residues were

changed to alanines (Fig. 1a). Three of the serines, (S88,

S90, and S93) are putative p38 phosphorylation sites [24],

and others have been shown to be phosphorylated in vivo

[14]. We used a doxycycline-inducible system (Tet-On) in

U251 glioma cells to assess the impact of mt-TTP at low

levels of expression. We observed comparable expression

of wild type (wt) and mt-TTP (Fig. 1b). RNA and protein
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levels of three critical glioma growth factors, VEGF, IL-8

and IL-6, were assessed following TTP induction [4, 5, 25].

Both TTP forms produced a significant decline in mRNA

levels (Fig. 1c). For IL-6 and IL-8, mt-TTP attenuated

mRNA expression by an additional two-fold (P \ 0.05).

Even minimal induction with very low doses of doxycycline

suppressed IL-8 mRNA levels in mt-TTP cells (supple-

mentary Fig. 1a), indicating that the phenotype was not an

artifact of overexpression [26]. GAPDH mRNA expression

was not altered (supplementary Fig. 1b) indicating that the

attenuation was target specific. The effect on protein

expression was assessed by ELISA (Fig. 1c). Wt-TTP sup-

pressed IL-8 and VEGF by approximately twofold

(P \ 0.005). IL-6 expression was attenuated by 1.7 fold

(P \ 0.005). Mutant TTP produced a much larger decrease

for all targets (three to tenfold, P \ 0.0005) with IL-8

showing the greatest change. RNA kinetic analysis showed

that each target mRNA was destabilized by both forms of

TTP (supplementary Fig. 2a). IL-8 mRNA half-life showed

the greatest change (from[4.0 h in control cells to *0.8 h),

but there was no difference between wt- and mt-TTP. VEGF

and IL-6 followed a similar pattern with reduction in half-life

by 2 to 2.5-fold. To assess target mRNA association with

TTP, we performed RNA immunoprecipitation on cyto-

plasmic extracts (supplementary Fig. 2b). RNA levels for

the FLAG antibody precipitates were adjusted to ectopic

TTP expression as determined by Western blot (not shown).

We observed robust binding of wt- and mt-TTP to VEGF and

IL-8 mRNA with a statistically non-significant trend of

increased recovery with wt-TTP. With HuR, there was sig-

nificantly less binding to VEGF and IL-8 in mt-TTP cells

(P \ 0.05). In summary, mt-TTP exerted significantly more

potent suppression of IL-8, VEGF and IL-6, without signif-

icant differences in mRNA half-lives or target RNA binding.

mt-TTP shows greater inhibition of gene expression

at the post-transcriptional and transcriptional levels

FLAG-tagged TTP expression plasmids (Fig. 2a) were

cotransfected with a luciferase reporter fused to the ARE

elements in the IL-8 30 UTR (Fig. 2b). We also assessed

two intermediate mutants, M1 and M2, in which certain

phosphoserine residues were restored. Expression of the

proteins was confirmed by Western blot (Fig. 2a). We

consistently observed higher expression of mt-TTP and

M1, and to a lesser degree, M2, compared to wt-TTP. We

adjusted the DNA transfection doses to correct for these

differences. We observed inhibition of luciferase activity

with all forms of TTP, but mt-TTP had the greatest nega-

tive effect, reducing luciferase activity by *80 % com-

pared to control. This reduction exceeded that of wt-TTP

(P \ 0.002). The two intermediate phosphomutants were

similar to wt-TTP indicating that mt-TTP required all 8

serine mutations for maximal effect. The control, hnRNP

C, did not have an effect on reporter expression. For

translational efficiency, we co-transfected the IL-8 and

b-galactosidase reporters into the TTP glioma clones

(Fig. 2b). A translational efficiency was calculated as

described elsewhere [23]. We observed a *50 % reduction

in translational efficiency with the IL-8 30UTR for mt-TTP

compared to wt-TTP (P \ 0.0005). With the control 30

UTR, there was an overall increase in translational effi-

ciency, but no significant difference between wt- and

mt-TTP. Since the RNA half-lives were not differentially

affected between wt- and mt-TTP, we looked at tran-

scriptional effects. Glioma cells were transiently transfec-

ted with a luciferase reporter containing the human IL-8

promoter [27] along with TTP expression plasmids

(Fig. 2c). This promoter contains AP-1 and NF-jB sites

which are targets of TTP repressor activity [28–30]. Both

forms of TTP inhibited IL-8 promoter activity, but mt-TTP

exceeded wt-TTP (41 vs. 68 %, P \ 0.05). Maximal sup-

pression required all 8 serine mutations. In summary,

mt-TTP had enhanced negative effects on transcriptional

and post-transcriptional gene regulation.

mt-TTP protein is stabilized in glioma cells

Phosphorylation has been linked to TTP stability [16, 26]

which prompted us to evaluate protein kinetics (Fig. 3a).

Fig. 2 mt-TTP shows significantly greater suppression of gene

expression through the IL-8 30 UTR and promoter. a Schematic of

TTP expression plasmids with serine-to-alanine mutations highlighted
(see Fig. 1 for more detail). Below is a Western blot of U251 cell

extract following transient transfection of the plasmids at different

doses (100, 200 and 500 ng). Antibodies are shown to the left. b Top
diagram of the IL-8 30 UTR used in the reporter assay. AU-rich

elements (ARE) are shown. Left panel U251 cells were transiently

transfected with TTP expression plasmids and the reporter. DNA

doses of the TTP plasmids were adjusted to correct for differences in

protein expression (see Materials and Methods). A b-galactosidase

plasmid served as a transfection control. Luciferase activity was

normalized to b-galactosidase and then expressed as a percentage of

vector (pcDNA) control. **P \ 0.002. Right panel translational

efficiency was assessed by cotransfecting the luciferase IL-8 30 UTR

or control 30 UTR reporter and a b-galactosidase plasmid into

wt-TTP, mt-TTP or Tet-On U251 cells followed by induction with

doxycycline. Luciferase and b-galactosidase activities and mRNA

levels were measured and translation efficiency was calculated by the

following equation: [Luciferase activity/Luciferase mRNA]/[b-galac-

tosidase activity/b-galactosidase mRNA] (see Materials and Meth-

ods). Values for the control 30 UTR reporter are based off the right Y

axis. ***P \ 0.0005. Data points represent the mean (± SEM) of at

least three independent tests. c U251 cells were cotransfected with

TTP expression plasmids and IL-8 full length promoter luciferase

reporter containing NF-kB, AP-1 and GRE binding sites. A

b-galactosidase plasmid served as a transfection control. Luciferase

activity was adjusted to b-galactosidase activity and expressed as a

percentage of vector (pcDNA). Data points represent the mean

(± SEM) of at least three independent tests. #P \ 0.05; comparing

vector and hnRNP C controls to wt-TTP; *P \ 0.05

J Neurooncol

123

Author's personal copy



Following treatment with cycloheximide (CHX), we

observed a differential decline in protein levels, with mt-

TTP showing greater stability. The estimated half-life was

[6 h for mt-TTP versus *3.5 h for wt-TTP. In the pres-

ence of p38 and ERK MAPK inhibitors, wt-TTP rapidly

declined with the upper band nearly disappearing after

60 min (Fig. 3b). Mt-TTP remained stable at 4 h. Desta-

bilization of wt-TTP in the presence of the inhibitors was

further demonstrated following treatment with CHX. There

was near loss of signal at 4 h while mt-TTP did not change

(Fig. 3b). These findings are consistent with a prior report

with wild-type TTP where p38 MAPK and ERK inhibition

led to marked protein destabilization [26]. The stability of

mt-TTP likely explains the higher expression observed in

transiently transfected U251 cells (Fig. 2). We also

observed higher expression of mt-TTP in PC-3 (prostate)

and MCF7 (breast) cells following transient transfection

(supplementary Fig. 3), suggesting that the stabilizing

effect is not limited to glioma cells.

Since phosphorylation of TTP modulates cellular

localization [26], we assessed cellular location of TTP.

Nuclear and cytosolic extracts were assessed by Western

blot (supplementary Fig. 4). Mutant TTP predominantly

localized to the nuclear compartment in the unstimulated

Fig. 3 mt-TTP protein is stabilized in glioma cells. a Western blot of

wt-TTP and mt-TTP glioma clones induced with doxycycline

(0.25 lg/mL), stimulated with TNF-a, and pulsed at various time

intervals with cycloheximide (CHX). The blot was probed with anti-

FLAG (wt-TTP and mt-TTP) and a-tubulin antibodies. Protein

degradation curves shown to the right were derived from

densitometry of the bands normalized to tubulin. The value at time

0 represents 100 %. b Western blot of clones, as above, treated with

either DMSO control or SB202190 (5 lM) and U0126 (10 lM), with

or without CHX at the indicated time intervals. Densitometry

measurements normalized to a-tubulin are shown below the blots.

Experiments were repeated 2 times with similar results
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state, whereas wt-TTP was more abundant in the cytosol.

After TNF-a stimulation, mt-TTP translocated to the

cytosol, whereas wt-TTP did not change substantially. In

summary, the 8 serine mutations led to TTP stabilization

and a change in cellular location.

mt-TTP has an enhanced antiproliferative effect

on glioma cells

Because mt-TTP enhanced the downregulation of growth

factors, we hypothesized that it would produce greater

attenuation of the cancer phenotype. We assessed cell via-

bility (Fig. 4a) and found that mt-TTP showed greater cell

loss at lower doxycycline doses (0.25–0.50 lg/mL;

P \ 0.008). Stimulation with TNF-a shifted the toxicity

curves to the left, again with mt-TTP showing greater

cytotoxicity (P \ 0.005). We examined anchorage inde-

pendent growth using a soft agar assay (Fig. 4b). Wt-TTP or

mt-TTP cells were grown in soft agar in the presence or

absence of doxycycline. In the absence of doxycycline, we

observed a significant but equivalent decrease in the number

of colonies for wt-TTP and mt-TTP (*40 % vs. control,

P \ 0.0005). This finding may be related to basal expres-

sion in the Tet-On system [12, 31]. With doxycycline

induction, the number of colonies for mt-TTP dropped to

10 % of control cells versus 36 % for wt-TTP (P \ 0.002).

Lastly, we examined the effect of temozolomide, a che-

motherapeutic used routinely in the treatment of malignant

gliomas (Fig. 4c) [32]. Cells were induced with doxycy-

cline (0.25 lg/mL) and treated with low doses of tem-

ozolomide for 24 h. At 5 lM, both forms of TTP showed a

significant reduction in cell count (P \ 0.01) compared to

control cells, but more so in mt-TTP (P \ 0.01). With TNF-

a stimulation, a decline in cell count was observed at a

lower dose of temozolomide (1.5 lM), again with mt-TTP

being greater than wt-TTP (P \ 0.01). Taken together,

these results indicate that mt-TTP exerts a greater antipro-

liferative effect than wt-TTP.

TTP causes the accumulation of autophagic vacuoles

and induction of apoptosis in glioma cells

We postulated that depletion of trophic factors by TTP may

provide a stimulus for macroautophagy induction. To assess

for autophagy, we initially performed immunocytochemis-

try of doxycycline-induced TTP cells using an antibody to

LC3-I/II, and found abundant immunoreactivity (supple-

mentary Fig. 5). Under conditions of cell stress that lead to

Fig. 4 mt-TTP has enhanced antiproliferative effects in glioma cells.

a Cell viability was determined after doxycycline induction of wt-

TTP or mt-TTP by Trypan Blue exclusion counting (at baseline or

after TNF-a stimulation). Data points are expressed as a percentage of

uninduced cells and are the mean ± SD of three independent

experiments. ***P \ 0.0005 comparing mt-TTP to wt-TTP cells.

B) mt-TTP significantly reduces colony formation in soft agar

compared to wt-TTP. Colonies were allowed to grow for 3 weeks and

then counted. Data points represent the mean ± SD of three

independent experiments. **P \ 0.005, and ***P \ 0.001 compared

to Tet-On control cells; #P \ 0.002. C) mt-TTP enhances chemosen-

sitivity of glioma cells. Cells were induced with 0.25 lg/mL of

doxycycline and treated with varying doses of temozolomide for 24 h

and then assessed by an ATP-based luminescence assay. Data points

are expressed as a percentage of untreated, doxycycline-induced cells

(dose 0) and represent the mean ± SEM of at least 4 independent

experiments. *P \ 0.02; **P \ 0.008; ****P \ 0.0001 comparing

wt-TTP or mt-TTP to Tet-On control cells; #P \ 0.01
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macroautophagy induction, soluble LC3-I becomes LC3-II

upon its cleavage and lipidation, which allows for its

insertion into autophagosome membranes [33]. Thus, LC3-

II is used widely as a selective biochemical marker of

autophagosomes [34]. To detect this conversion, we per-

formed Western blot analysis and found an increase in LC3-

II for both TTP forms which was accentuated by TNF-a
stimulation (Fig. 5a). To assess apoptosis in TTP-induced

cell death we analyzed cleavage of PARP. In unstimulated

cells, cleaved PARP (c-PARP) was barely detectable in

wt-TTP cells but was robust in mt-TTP cells. With TNF-a
stimulation, levels of c-PARP increased with both TTP

forms, but more so with mt-TTP. We further assessed

activation of apoptosis by investigating cleavage of caspase

3 and 8, two important components of the extrinsic pathway

(supplementary Fig. 6). We found cleavage of both casp-

ases, visibly greater with the mutant form. Even at the

lowest dose of TTP expression, (0.01 lg/mL of doxycy-

cline), there was caspase cleavage indicating that this bio-

logical effect is not an artifact of TTP overexpression. We

assessed whether TTP-induced cell death is altered after

suppressing autophagy. Inhibition of autophagy with

wortmannin had no effect on cell viability (100 nM, Fig. 5b

and 1 lM, supplementary Fig. 7). Similarly, cell viability

did not change with another autophagy inhibitor, 3-meth-

yladenine (supplementary Fig. 7). We next silenced Atg7 a

protein that critically regulates autophagy induction

(Fig. 5c). Compared to control siRNA, there was a marked

decrease in levels of Atg7 and LC3-II, together indicating

the effective knockdown of functional autophagy. Cell

viability, however, was not altered under those conditions,

confirming that macroautophagy induction per se is not

responsible for TTP-induced cell death.

Discussion

TTP is a negative regulator of growth factor signaling and

its induction downregulates key transcriptional and trophic

Fig. 5 mt-TTP induces autophagic vacuole accumulation and

apoptosis. a Western blot analysis of glioma cells induced with

doxycycline (0.25 lg/ml) with or without TNF-a stimulation. Anti-

bodies are shown to the left of the blot. LC3-II/LC3-I ratios were

determined by densitometry. b Cell viability assessment in glioma

clones after pharmacological inhibition of autophagy with wortman-

nin (100 nM) for 4 h prior to doxycycline induction and TNF-a

stimulation. Cell viability was determined at 24 h with an ATP-based

luminescence assay, and values were expressed as a percent of

DSMO-treated control cells. c Cell viability assessment in glioma

clones after silencing Atg7. Upper panel Western blot analysis of

glioma cells following transfection with Atg7 or control siRNA.

Lower panel assessment of cell viability as described above
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factors that promote cell proliferation [30]. Many tumors

have depressed levels of TTP [30, 35], but in malignant

glioma, TTP is readily detected in high-grade tumors, but is

extensively phosphorylated [12]. Since TTP phosphoryla-

tion, in general, has been associated with suppressed

function [36], we tested the antiproliferative activity of a

mutant form of TTP which lacked eight serine residues

known to be phosphorylated in vivo [13, 14, 24]. Mutant

TTP showed enhanced trophic factor suppression, apopto-

sis, chemosensitivity and decreased anchorage-independent

growth. Similar phenotypic effects were produced by

knockdown of HuR in glioma cells [11]. HuR binds to

IL-6, IL-8 and VEGF 30 UTRs but produces the opposite

effect of mRNA stabilization in glioma and other cells

[11, 20, 21, 37–40]. This overlap in mRNA binding and

target regulation has prompted the observation that the two

proteins compete and that trophic factor overexpression in

cancer cells requires both suppression of TTP function and

gain of HuR function [12, 37, 41]. Three findings in our

study suggest that the deleted phosphoserines allowed

mt-TTP to escape the regulatory environment in glioma

cells. First, mt-TTP protein was stable compared to

wt-TTP, indicating that the eight mutated serines play an

integral role in regulating protein degradation in glioma

cells. P38/MAPK has been reported to induce TTP stabil-

ization through MK2 phosphorylation of S52 and S178 in

the mouse orthologue (equivalent to S60 and S186 in

human TTP) [16, 26]. The rapid degradation of wt-TTP

following p38/MAPK and ERK inhibition observed here is

consistent with these prior reports. S60 and S186, however,

were preserved in mt-TTP indicating additional determi-

nants of protein stability in the eight mutated serine resi-

dues. Interestingly, mt-TTP showed higher expression in

other non-glioma cancer cell lines (breast and prostate)

suggesting that protein stabilization may not be limited to

glioma cells.

The second finding was the cellular distribution of mt-

TTP. Phosphorylation of TTP via MK2 at S52 and S178 has

been linked to cytoplasmic translocation [26, 42]. In U251

and other malignant glioma cells, endogenous and ectopic

wild-type TTP predominantly localizes to the cytosol ([26]

and unpublished data). Our finding that mt-TTP was more

prominent in the nuclear compartment suggests that cellular

location is also regulated by one or more of the eight mutated

phosphoserines. TTP can associate with the p65 subunit of

NF-jB and HDACs to inhibit transcription, and the nuclear

redistribution of mt-TTP may explain the enhanced tran-

scriptional repressor activity [28, 29]. This function is

independent of its RNA binding/destabilizing capacity [29].

Dephosphorylated TTP also represses the TNF-a promoter

in LPS-stimulated RAW macrophage cells [43].

The third finding of enhanced function centers on

translational suppression of ARE mRNAs by mt-TTP. The

fold decline in protein levels of growth factors was sig-

nificantly higher in mt-TTP, which suggests translational

silencing (Fig. 1). Reporter studies with the IL-8 30 UTR

supported this possibility (Fig. 2). TTP typically binds to

AU-rich elements in the 30 UTR and promotes degradation

through recruitment of degrading enzymes (e.g. deadeny-

lases, exonucleases and decapping enzymes) that reside in

P bodies or the exosome [44–46]. TTP can silence trans-

lation without increasing degradation by sequestering the

mRNA away from polysomes [47]. The decrease in bind-

ing of the targets to cytoplasmic HuR (supplementary

Fig. 2) would be further supportive as this RNA binding

protein is generally linked to enhanced translation of ARE-

containing mRNAs [48, 49]. Our experimental conditions

included TNF-a stimulation which maximizes cytoplasmic

accumulation of mt-TTP thus promoting its negative effect

on translational efficiency.

While this study of a single glioma cell line precludes

overarching conclusions to gliomas, the mRNA targets

examined here play an integral role at many levels of gli-

oma tumor progression [3–10, 30, 50]. All three targets,

especially VEGF, are produced in high amounts and are

linked to angiogenesis [3, 4]. More recently, IL-6 has been

characterized as a paracrine factor involved in cellular

cross-talk within glioma tumors to promote cell prolifera-

tion and tumor cell heterogeneity through activation of

epidermal growth factor receptor [5]. Both IL-6 and IL-8

promote a glioma stem-like cell phenotype, invasion and

possibly chemoresistance [6–10, 50]. Because many pro-

tumor mRNAs have AREs in the 30 UTR, there are likely

additional targets affected by increased TTP activity [30,

35]. Suppression of transcriptional factors, (e.g. NF-jB and

AP-1), substantially broadens the pool of affected targets

beyond ARE-containing mRNAs. Therefore, the anti-pro-

liferative phenotype observed here may be related to a

number of altered gene targets. Although autophagy did not

appear to affect cell viability, the lack of complete atten-

uation of LC3-II induction with Atg7 silencing suggests

that TTP may be inhibiting lysosomal degradation of LC3-

II. Thus, alteration of autophagy by lysosomal inhibition

may be contributing to the deleterious effects of TTP. This

possibility warrants future investigation.
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Supplementary Figure 1.  Low levels of mt-TTP suppress IL-8 mRNA levels. A) TTP glioma 
clones were induced with very low doses of doxycycline and assessed for TTP expression by 
Western blot (upper panel). IL-8 mRNA levels were then measured and expressed as a 
percentage of uninduced cells.  Data points are the mean ± SEM of three independent inductions. 
B) Assessment of GAPDH mRNA expression in the TTP glioma clones and the parent cell line, 
U251 Tet-On, after induction with doxycycline (0.25 µg/mL). 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2: Mutant and wt-TTP destabilize growth factor mRNAs.  A) After 
doxycycline induction, glioma cells were pulsed with actinomycin D and the percent remaining 
RNA was quantitated by qRT-PCR. The estimated half-life of each mRNA target is shown in 
parentheses. Data points are the mean (± SEM) of three independent experiments. B) Cytosolic 
extracts from doxycycline-induced mt- or wt-TTP glioma cells were immunoprecipitated with 
FLAG, HuR or control IgG antibodies. RNA was extracted from the precipitate and quantitated 
by qRT-PCR. RNA values for HuR and IgG were expressed as a percent of the total RNA input 
for the target (right axis). RNA values for FLAG immunoprecipitation (left axis) were further 
adjusted for the levels of ectopic TTP expression as assessed by Western blot (not shown). Data 
points represent the mean (± SEM) of 4 independent immunoprecipitations.  *P < 0.05.  

 

 



 

 

 

 

 

 

 

Supplementary Figure 3: mt-TTP has enhanced expression in other cancer cell types. 
pcDNA expression plasmids containing FLAG-tagged  wt-TTP or mt-TTP were transiently 
transfected into a prostate cancer cell line (PC-3) and a breast cancer cell line (MCF7) and 
extracts were assessed by Western blot. Antibodies are shown to the left. 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4: mutant TTP locates to the nucleus. Western blot of nuclear and cytosolic 
extracts after induction with doxycycline. Some cells were stimulated with TNF-α (10 ng/mL).  
Antibodies are shown to the left of the blots. The experiment was repeated twice with similar results. 

 

  

 



 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5: TTP enhances autophagic activity. Immunocytochemistry of U251 
TTP glioma clones and Tet On parent cells with an anti-LC-3 antibody. Cells were induced with 
doxycycline for 24 h with or without TNF-α stimulation. As a positive control, some of the cells 
were treated with chloroquine (CQ).  

  

 



 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6: Low levels of TTP expression lead to activation of critical 
caspases in the apoptotic pathway of cell death.  Mutant and wt-TTP were induced with 
varying doses of doxycycline (µg/ml) in U251 MG cells and protein extracts were assessed by 
Western blot for cleavage of caspases and Parp (arrows).   
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Supplementary Figure 7: Inhibiting autophagic induction does not affect cell viability in 
TTP expressing glioma clones. Glioma clones were treated with wortmannin (1 µM; left 
panel) or 3-MA (20 µM; right panel) for 4 h prior to doxycycline induction, and then 
stimulated with TNF-α (2 ng/ml) for an additional 14 h. Cell viability was assessed by the 
Vialight assay, and values were expressed as a percent of DMSO-treated control cells.  
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